subtle and produce a wide array of signs, including cognitive, somatic, and sensorimotor symptoms. 2 The diverse symptomatology makes clinical assessment and management of concussions challenging for sports medicine clinicians. Consensus statements regarding the evaluation and care of individuals after a suspected concussion repeatedly emphasize the importance of balance assessment during a multicomponent evaluation. 2, 3 Balance assessments allow clinicians to determine a person's ability to integrate somatosensory, visual, and vestibular information to maintain an upright posture. Failure of a person to maintain balance following a concussion may be indicative of sensorimotor alterations. 4 Balance assessment also provides information for estimating prognosis and allowing clinicians to predict the extent of expected recovery.
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The most common method for assessing balance in potentially concussed athletes is the Balance Error Scoring System (BESS). 2 The BESS is a free assessment, requires little to no special equipment, and can be done on the sidelines of sporting events. The BESS relies on thoroughly trained observers to determine the number of balance errors a person made during static standing trials. 4 Balance errors determined by the trained observers include stepping out of place, removing one's hands from hips, and so on. Although this approach is cost-effective and portable, the assessment has mixed evidence supporting its use.
6,7
Specifically, studies have questioned the sensitivity of the BESS, 8 as well as the intra-and interrater reliability of the assessment. 9 The BESS has only been found useful within the initial 48 hours following injury, 10 making longterm tracking of balance recovery difficult when using only the BESS. The gold standard method for assessing balance in healthy and injured people is to measure changes in body sway during static stances while standing on a force platform.
11 Force platforms are sensitive, reliable, and objective tools to measure balance. 12 Center of pressure (COP) sway variables are calculated from measured ground reaction forces acquired during standing balance. The COP sway variables give information regarding an individual's ability to control their center of mass (COM) and maintain stable balance and are widely used to assess balance in healthy and pathological populations. 13, 14 Although force platform technology provides this precise method for assessing balance, the platforms are costly and require proper installation, maintenance, and skilled interpretation of the collected data. The platforms also have limited portability, making assessment difficult outside of clinics or laboratories. Due to these constraints, force platform balance assessment is often not possible in many clinical and athletic settings. Accelerometers have been evaluated as potential alternatives to force platform measurement, as body-worn accelerometers provide a relatively more affordable and portable method for assessing postural control.
15,16
Accelerometer technology is promising and is available in most mobile devices, making accelerometer-based balance assessment available to clinicians without the need for extra equipment.
Mobile devices may serve as alternatives for use in objective balance assessment when force platforms and accelerometer systems are not feasible because many mobile devices contain triaxial accelerometers accessible to downloadable applications (apps) created for clinical use. SWAY (Sway Medical LLC, Tulsa, OK) is one such app developed for concussion balance assessment. SWAY works with iOS products (Apple Inc., Cupertino, CA) and uses the acceleration time series collected during static stances to quantify balance. Previous research evaluated the mechanical accuracy of SWAY results of healthy adults recorded during single-leg stance compared with force platform measurement. 17 However, no other stances typically used in clinical settings for assessing individuals with a suspected concussion (i.e., two-foot stance, tandem stance) have not been studied. In addition, the clinical validity and reliability of the SWAY app have not been evaluated, which is essential prior to widespread adoption of this technology in sports medicine environments. The purpose of this study was to evaluate the ability of SWAY, a mobile device app used to access the device's triaxial accelerometer, to quantify balance in healthy individuals. The first aim of this study was to determine if accelerometrybased measures of balance produced by SWAY are as reliable as force platform obtained COP sway variables under the same testing conditions. The second aim of the study was to assess the validity of the accelerometry-based measures by determining the relation of accelerometry data collected by SWAY and force platform COP sway variables when collected concurrently. We hypothesized SWAY would demonstrate similar test-retest reliability to force platform COP sway variables, and that SWAY scores and force platform COP sway variables would demonstrate good correlation coefficients.
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Methods Participants
Twenty-seven healthy volunteers participated in the study (12 men, 15 women; age: 29.7 AE 10.9 years; height: 170.1 AE 10.5 cm; weight: 72.1 AE 16.6 kg). Individuals were excluded if they reported a known orthopaedic, musculoskeletal, or neurologic injury in the prior 6 months. One participant was unable to complete all balance stances independently and was excluded, bringing the total to 26 participants. All participants reported they had not consumed substances or medications prior to testing that could have affected their ability to maintain stability. All participants provided written informed consent prior to participation in accordance with requirements of the Institutional Review Board for this study.
Materials
SWAY was downloaded and installed on a single mobile device that was used throughout all testing (Apple iPod Touch 5th Gen, iOS Version 7.1, Apple Inc.). SWAY is an FDAapproved app for detecting changes in postural control using the integrated accelerometers of Apple iOS mobile devices. The app instructs users through a series of balance stances, replicating the stances used in the BESS. 6 The SWAY app collects data at 10 Hz during each 10-second test period. SWAY provides a score at the end of each trial, calculated by 
Data Processing
All force platform data were resampled to 20 Hz and truncated to include only the middle 7 seconds of data to control for any imprecision in simultaneous initiation of data collection between the mobile device and the force platform.
The SWAY app uses a proprietary algorithm to calculate a SWAY score ranging from 0 to 100, with higher scores indicating better balance control. Mechanical validity of the triaxial accelerometers housed in the mobile devices has been described previously.
20,21 SWAY scores were calculated for each of the 12 balance trials and were used in the analysis. A quality check of these data included omitting force platform and corresponding SWAY data where the subject failed to complete the trial for a balance condition successfully. These included trials where participants stepped off the force platform, hopped to recover loss of balance, or instances of a toe touch by the nonsupporting foot during single-leg stance.
Statistical Analysis
Statistical comparisons were performed using SPSS (Version 22, SPSS Inc., Chicago, IL). Test-retest reliability was assessed using an intraclass correlation coefficient (ICC 3,1) calculation, and the p-value and 95% confidence intervals for each ICC were determined. A Pearson product-moment correlation was used to assess the concurrent validity between SWAY and COP variables. The p-value and r-value for each comparison were determined. An α level of 0.05 was set a priori.
Results
SWAY and force platform results are listed in ►Table 1.
Participants produced the largest amount of postural sway during the Tandem stance/eyes closed condition as measured stance condition were relatively narrow, indicating low variability between participants and thus limited the magnitude of ICC calculations. 22 This also may explain why the testretest ICC values for the force platform COP variables were much lower than previously reported in similar populations. 23 Our finding, however, that SWAY is comparable in reliability to the gold standard force platform COP variables illustrates that SWAY could be useful in objective monitoring of changes in a person's static balance over time following a concussion. This often is necessary for use in clinical settings when repeated assessments are conducted to monitor improvements or regressions in balance control over time. This study also documented significant correlations between SWAY scores and force platform COP variables used to characterize balance, although the correlations produced only moderate associations. 18 The lack of strong associations for the remaining stances and conditions may be due to the devices measuring different aspects of balance. 15 The mobile device was held by each subject at the chest, capturing accelerations relatively close to each participant's approximate COM. By contrast, COP sway variables are approximations of the COM sway based on ground reaction force measurements captured at the floor. Measuring balance control near the COM may be more representative of postural control ability and responses to fluctuations in body sway. Conversely, displacement of COP measured by force platforms represent neuromuscular responses necessary to control torque at the ankle 24 rather than only COP sway path.
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Measurement of balance at the approximate COM allows clinicians and researchers to directly investigate the influence of sensory systems on postural sway without the compounding influence of the neuromuscular response necessary to activate ankle musculature. The significance of association between SWAY and COP variables during tandem stance is an important finding for clinicians assessing individuals after a suspected concussion. Evaluations incorporating narrow stances increase the sensitivity and specificity of clinical balance assessments, 26 allowing for accurate measurement of postural sway changes over time. This may be helpful to clinicians who are interested in tracking the recovery of balance over time. While tandem stance was the only valid stance in this study of healthy individuals, populations with balance deficits may produce more variability with other stances. Future research should evaluate individuals with balance instability as they complete the SWAY assessment protocol. Recently, several methods have been proposed to improve the reliability and validity of the BESS protocol, including using Wii Balance Boards, 27 portable force platform systems, 28 and accelerometers. 29 While most of these methods improve the reliability and validity of the BESS, these approaches add costly equipment to the free assessment, add data processing time for interpretation of results, and limit the portability of the assessment. The SWAY app may be a worthwhile alternative to consider without the need for additional equipment or a dedicated space for administration. Future research should evaluate alternative methods for SWAY administration that may eliminate variability between tests, such as strapping the mobile device to eliminate any accelerations detected from unintended hand movements. To our knowledge, this is the first study evaluating the reliability and validity of a mobile device app intended for use as an assessment of balance in athletes with a suspected concussion. SWAY is an innovative app allowing sports medicine clinicians the ability to assess balance objectively, quickly, and efficiently. Perhaps equally important, the SWAY app eliminates the need for specialized and costly equipment, as well as the extensive postprocessing of data necessary with force platforms and other accelerometers. As Mancini and Horak state, "clinical practice needs automatic algorithms for quantifying balance control during tasks, normative values, composite scores, and user-friendly interfaces so tests can be accomplished quickly…"
30 SWAY has the potential to address these needs without the necessity of specialized equipment. Ultimately, balance assessment is just one tool available to clinicians assessing injured athletes. Pairing balance assessment with other multidimensional tools is necessary when evaluating athletes with a suspected concussion.
Although the results of the present study are promising, our study had limitations addressable by future research. First, the study population comprised healthy individuals without injuries that could impact balance. While appropriate for a study focused on determining reliability and validity of the technology, this limits generalizability of results intended for diagnostic purposes. Second, reliability of measures collected sequentially over several days may be more representative of how SWAY would be used in clinical settings, but was not feasible with the design of this study. Finally, participants were required to hold the device to their sternum. In addition to increasing the challenge to maintain balance while assuming an uncommon stance, any extraneous hand movements may have produced unintended accelerations. Using a harness to hold the mobile device against the person's trunk was not done in this study, as our intent was to conduct testing with SWAY exactly according to the app's instructions for use. Future research should investigate the clinical utility of the app in athletic populations as well as determine the diagnostic utility of the app when compared with clinical and sideline balance measures such as the BESS.
Conclusions
SWAY, a software app for iOS mobile devices, demonstrated both reliability and validity while testing healthy individuals across static stances. Based on our findings, SWAY scores during tandem stance/eyes open produced the strongest association when compared with force platform COP variables. Although some correlations were low between SWAY and force platform measures of balance, SWAY demonstrated a similar pattern in reliability testing observed with COP variables. Despite being a promising tool for clinical evaluation of balance ability after a concussion, further research must investigate the use of SWAY as a measure of balance in athletic populations prior to widespread implementation and use. Concussion Balance Assessment using a Mobile Device Burghart et al. 5
